Single-nucleotide polymorphisms (SNPs) in CDKAL1 have been associated with the development of type 2 diabetes (T2D). CDKAL1 catalyzes 2-methylthio modification of adenosine at position 37 of tRNA Lys (UUU). A deficit of this modification causes aberrant protein synthesis, and is associated with impairment of insulin secretion in both mouse model and human. However, it is unknown whether the T2D-associated SNPs in CDKAL1 are associated with downregulation of CDKAL1 by regulating the gene expression. Here, we report a specific splicing variant of CDKAL1 termed CDKAL1-v1 that is markedly lower in individuals carrying risk SNPs of CDKAL1. Interestingly, CDKAL1-v1 is a non-coding transcript, which regulates the CDKAL1 level by competitive binding to a CDKAL1-targeting miRNA. By direct editing of the genome, we further show that the nucleotides around the SNP regions are critical for the alternative splicing of CDKAL1-v1. These findings reveal that the T2D-associated SNPs in CDKAL1 reduce CDKAL1-v1 levels by impairing splicing, which in turn increases miRNA-mediated suppression of CDKAL1. Our results suggest that CDKAL1-v1-mediated suppression of CDKAL1 might underlie the pathogenesis of T2D in individuals carrying the risk SNPs.
INTRODUCTION
Recent advances in genome-wide association studies have successfully revealed a number of loci associated with susceptibility to type 2 diabetes (T2D) (1) (2) (3) (4) . Among these risk loci, the Cdk5 Regulator Subunit Associated Protein 1-Like 1 (CDKAL1) locus is one of the most reproducible loci in European and Asian populations (5) . Individuals carrying T2D-associated single-nucleotide polymorphisms (SNPs) in CDKAL1 show impaired insulin secretion and up to a 2-fold increase in the risk of T2D (1) . We showed that Cdkal1 is a mammalian methylthiotransferase that catalyzes the 2-methylthio (ms (6) . The ms 2 -modification of tRNA Lys (UUU) is critical for the accurate decoding of the lysine codons AAA and AAG by stabilizing the codon-anticodon interaction (7) . The precise decoding of the lysine codon by ms 2 -modification was particularly important for proinsulin synthesis, because a lack of Cdkal1 significantly compromised the proper translation and processing of proinsulin (7) . As a result, the Cdkal1 knockout mice showed impaired insulin secretion and glucose metabolism. Furthermore, the downregulation of 2-methylthio modification level was also associated with impaired insulin secretion and T2D risk in human (8) . Taken together, these results suggest that 2-methylthio modification in tRNA Lys (UUU) by Cdkal1 is critical for precise protein synthesis and the development of T2D.
In contrast to the discovery of molecular function of CDKAL1 and its pathological relevance, there remains fundamental question whether there is a correlation between the T2D-associated SNPs in CDKAL1 with the regulation of the CDKAL1 gene. Like most of disease-related SNPs, T2D-associated SNPs in CDKAL1 are located in deep intronic region (9) . These intronic regions are neither conserved across species, nor do these regions contain predictable regulatory elements (1) . Because of these obstacles, how the T2D-associated SNPs in CDKAL1 would affect gene function and lead to the development of T2D remains unknown.
In the present study, we investigated the functional role of T2D-associated SNPs in CDKAL1 and showed that the SNPs were actively involved in the regulation of cellular CDKAL1 levels through a unique post-transcriptional mechanism.
RESULTS

Associations of a specific CDKAL1 splicing variant (CDKAL1-v1) with T2D-associated SNPs and insulin secretion
The T2D-associated SNPs of CDKAL1 are associated with impaired insulin secretion as well as a decrease in CDKAL1-mediated ms 2 -modification in tRNA Lys (UUU) (8, 10) . To investigate the correlation of T2D-associated SNPs with the gene function, we purified DNA and RNA from peripheral blood samples from non-diabetic volunteers and compared the expression level of full-length CDKAL1 (NM_017774.3) in individuals carrying risk SNPs. We examined rs10946398 because the SNP has been extensively studied in T2D and are in high linkage disequilibrium with other SNPs such as rs7756992 and rs7754840 (11) . The expression level of full-length CDKAL1 in carriers of the risk allele C/C of rs10946398 was not significantly different from that in carriers of the non-risk alleles A/A and A/C (Fig. 1A) , although we observed a trend showing a decrease in CDKAL1 mRNA levels in carriers of risk alleles (P ¼ 0.06, 87% for C/C carriers compared with A/A carriers, Fig. 1A) .
Interestingly, we noticed there are two short splicing variants of human CDKAL1 in the NCBI database: AK310219 and BC064145, hereinafter referred as CDKAL1-v1 and CDKAL1-v2, respectively. We then examined the expression levels of CDKAL1-v1 and CDKAL1-v2 in carriers of risk alleles. CDKAL1-v1, but not CDKAL1-v2, was markedly decreased in carriers of the risk alleles for rs10946398 (Fig. 1B and C) . The significant decrease in CDKAL1-v1 was also observed in carriers of the risk allele for rs7756992 (Supplementary Material, Fig. S1A and B) . In addition to peripheral blood samples, the decrease in the CDKAL1-v1 level was also confirmed in human embryonic fibroblast cell lines carrying the risk alleles for rs10946398 and rs7756992 (Supplementary Material, Fig. S1C and D) . Furthermore, to investigate the specificity of the correlation of CDKAL1-v1 with CDKAL1 SNPs, we examined the expression level of CDKAL1-v1 in carriers of the T2D-associated risk alleles of KCNQ1, which is also one of the most reliable T2D-associated genes (12, 13) . There was no significant change in CDKAL1-v1 level in carriers of the KCNQ1 risk allele (C/C) compared with carriers of non-risk alleles (T/T and C/T) (Supplementary Material, Fig. S2 ), suggesting that a decrease in CDKAL1-v1 is solely dependent on the risk alleles of CDKAL1.
Cdkal1-dependent 2-methylthio (ms 2 -) modification in tRNA Lys (UUU) is decreased in individuals carrying the risk alleles of the CDKAL1 SNPs and is correlated with insulin secretion (7, 8) . Given that CDKAL1 SNPs were associated with CDKAL1-v1 levels, it is speculated that CDKAL1-v1 level might also correlate with the ms 2 -modification level and insulin secretion. The ms 2 -modification and CDKAL1-v1 level were then subjected to quantitative analysis in total RNA isolated from peripheral blood specimens. As expected, there was a direct correlation between CDKAL1-v1 and ms 2 -modification level (r ¼ 0.23, P ¼ 0.0205, Fig. 1D ). Next, we performed oral glucose tolerance tests in non-diabetic individuals and investigated the correlation of CDKAL1-v1 with insulin secretion. There was a direct correlation between CDKAL1-v1 level and insulin secretion (r ¼ 0.39, P ¼ 0.02, Fig. 1E ). These results suggest that the decrease in CDKAL1-v1 may contribute to the development of T2D through impairment of CDKAL1 function in individuals carrying the risk alleles in CDKAL1.
Regulation of protein and mRNA levels of CDKAL1 by
CDKAL1-v1
The CDKAL1-v1 transcript contains exons 1 -4 and a portion of 3 ′ UTR derived from intron 4 ( Fig. 2A) . Because the openreading frame (ORF) of CDKAL1-v1 lacks the entire radical SAM domain and tRNA binding domain, which are absolutely required for methylthiotransferase activity (6), CDKAL1-v1 is not a functional tRNA-modifying enzyme. Thus, the direct correlation of CDKAL1-v1 with ms 2 -modification level could not be explained by a change in the enzyme activity of CDKAL1-v1. We then speculated that CDKAL1-v1 might modulate the ms 2 -modification level by regulation of the cellular CDKAL1 level. To investigate whether CDKAL1-v1 plays a direct role in the regulation of CDKAL1 levels, CDKAL1-v1 was acutely silenced by specific small interfering RNAs (siRNAs) targeting the 3 ′ UTR in HEK293 cells. Knockdown of CDKAL1-v1 markedly reduced the CDKAL1 protein level (Fig. 2B) . Accordingly, the ms 2 -modification level was significantly decreased in CDKAL1-v1-silenced cells (Fig. 2C) , suggesting that CDKAL1-v1 regulates CDKAL1 activity in a translationdependent manner. Interestingly, treatment with CDKAL1-v1-specific siRNAs resulted in a moderate but significant decrease in CDKAL1 mRNA (83% decrease by #1 siRNA, and 70% decrease by #2 siRNA compared with control, Fig. 2D ). Conversely, treatment of CDKAL1-specific siRNA resulted in a moderate but significant decrease in CDKAL1-v1 (79% decrease by siCdkal1, Fig. 2E ). The co-regulation of CDKAL1 and CDKAL1-v1 was also observed in other cell lines such as HeLa cells as well as human islet carcinoma QGP-1 cells (Supplementary Material, Fig. S3 ). These results prompted us to examine the correlation between CDKAL1 and CDKAL1-v1 levels in individuals regardless of genotype. Indeed, we observed a significant correlation between CDKAL1-v1 and CDKAL1 in individuals (r ¼ 0.25, P ¼ 0.016, Fig. 2F ). The expression levels of CDKAL1 and CDKAL1-v1 were also examined in normal human tissues and cell lines. There was a direct correlation between CDKAL1 and CDKAL1-v1 (r ¼ 0.5385, P ¼ 0.0038, Fig. 2G ). Taken together, these results suggest that there is a post-transcriptional regulation between CDKAL1-v1 and CDKAL1.
CDKAL1-v1 is a non-coding RNA
The 5
′ UTR of CDKAL1-v1 is 100 bases longer than that of CDKAL1, and contains three upstream ATG codons (Fig. 3A) . Given the potential translational suppression by the upstream ORFs and the truncation of tRNA-modifying domains in CDKAL1-v1, we suspected that CDKAL1-v1 may not be translated and may instead regulate protein levels as a non-coding transcript. To confirm this speculation, we conjugated the 5 ′ UTR or putative ORF of CDKAL1-v1 to Luciferase and examined the expression level ( Fig. 3B and C) . While the 5 ′ UTR of full-length CDKAL1 did not affect Luciferase activity, the 5 ′ UTR of CDKAL1-v1 significantly attenuated Luciferase activity (48% compared with Control 1). The putative ORF of CDKAL1-v1 markedly reduced Luciferase activity (4.8% compared with Control 1). Combining both the 5 ′ UTR and the putative ORF of CDKAL1 almost eliminated Luciferase activity (2.8% compared with Control 1). In contrast to the luciferase activities, the mRNA levels of the CDKAL1-and CDKAL1-v1-derived luciferase reporters were not significantly different from the mRNA level of the control reporter. These results suggest that CDKAL1-v1 is not actively translated into functional protein. Furthermore, we examined the expression of CDKAL1 using a specific antibody targeting the N-terminus region of CDKAL1, which is encoded by both CDKAL1 and CDKAL1-v1. The antibody recognized the 61 kDa full-length CDKAL1 protein in extracts of HEK cells, which disappeared following the knockdown of both CDKAL1 and CDKAL1-v1 ( Fig. 3D and E). In contrast, there was no detectable band of 11 kDa, which is thought to be the molecular weight of translated CDKAL1-v1, in extracts from either the control or CDKAL1/CDKAL1-v1 knockdown cells. These results suggest that CDKAL1-v1 regulates CDKAL1 level through a codingindependent mechanism. Because CDKAL1-v1 is a short splicing variant that contains a premature stop codon, there is a concern that CDKAL1-v1 may be subjected to nonsense-mediated mRNA decay (NMD) (14) . CDKAL1-v1 levels were examined in cells treated with siRNA targeting UFP1, which is a key component of the cellular NMD system (Fig. 3F) . However, the CDKAL1-v1 level in UFP1-silenced cells was not different from that in control-siRNA treated cells. Furthermore, we performed in situ hybridization in HEK cells to examine the cellular location of CDKAL1-v1 transcripts. While the probe targeting both CDKAL1 and CDKAL1-v1 showed the most intense signals in the cell bodies, the CDKAL1-v1-specific probe also resulted in moderate signals at the same locations (Fig. 3G ), suggesting that CDKAL1-v1 is a functional non-coding transcript in human cells.
Regulation of cellular Cdkal1 level by a CDKAL1-v1-targeting miRNA
Because CDKAL1-v1 was positively correlated with the CDKAL1 protein level as well as the CDKAL1 mRNA level, it is unlikely that CDKAL1-v1 acts as an anti-sense non-coding RNA for CDKAL1. Interestingly, recent studies have revealed a unique regulatory mechanism by which some transcripts could regulate the cognate genes through a coding-independent mechanism (15 -18) . In this model, non-coding RNA indirectly regulates its cognate gene by the competitive binding of common miRNAs at the 3 ′ UTR region. We speculated that CDKAL1-v1 might regulate CDKAL1 levels through the same mechanism.
To investigate whether the 3 ′ UTR of CDKAL1-v1 is capable of regulating CDKAL1 levels, the 3 ′ UTR region of CDKAL1-v1 or the entire CDKAL1-v1 was transfected into primary human fibroblast cells that carried the risk alleles and had low CDKAL1 protein levels as well as CDKAL1-v1 level (HE37 in Supplementary Material, Fig. S4 ). Expression of the 3 ′ UTR of CDKAL1-v1 or the entire CDKAL1-v1 transcript induced expression of the CDKAL1 protein (Fig. 4A) . The 3 ′ UTR of CDKAL1-v1 also increased the CDKAL1 mRNA level (121% compared with control, Fig. 4B ). These results suggest that the 3 ′ UTR of CDKAL1-v1 is capable of controlling CDKAL1 levels.
Next, we searched potential CDKAL1-v1-and CDKAL1-targeting miRNAs that are also expressed in human pancreatic islets (19, 20) . We found miR-494 as a potential candidate from the miRNA database (Fig. 4C) . To validate our finding, we transfected miR-494 and 3
′ UTR of CDKAL1-v1 or CDKAL1 fused with Luciferase and monitored Luciferase activity as a readout for miR-494-mediated suppression ( Fig. 4D and E) . Expression of miR-494 significantly suppressed Luciferase activity. Furthermore, miR-494 no longer suppressed Luciferase activity when the seed sequences of the miR-494-targeting site in the 3 ′ UTR of CDKAL1-v1 or CDKAL1 were mutated ( Fig. 4D and E) . We also examined the direct effect of miR-494 on endogenous CDKAL1-v1 or CDKAL1 levels. In HEK293 cells, overexpression of miR-494 markedly reduced CDKAL1 protein levels as well as CDKAL1-v1 and CDKAL1 mRNA levels ( Fig. 4F and G) , suggesting that CDKAL1-v1 and CDKAL1 are common targets for miR-494. Furthermore, introducing miR-494 inhibitor induced both CDKAL1-v1 and CDKAL1 levels (Fig. 4H) . Accordingly, the inhibitor of miR-494 enhanced CDKAL1 protein levels (Fig. 4I) . These results indicate that CDKAL1-v1 and CDKAL1 are subject to miR-494-mediated post-transcriptional regulation. Thus, a decrease in CDKAL1-v1 would conversely result in an increase in miR-494-mediated suppression of CDKAL1, as observed in carriers of risk alleles.
A T2D-associated SNP is directly involved in alternative splicing of CDKAL1-v1
Finally, we attempted to answer the question of why a singlenucleotide substitution in intron 5 of CDKAL1 results in a drastic decrease in the expression level of CDKAL1-v1. We hypothesized that the risk SNPs of CDKAL1 may have an inhibitory effect on the alternative splicing. To test this hypothesis, we utilized an AMO that specifically binds to the 5 ′ end of the U1 small nuclear ribonucleic acid (snRNA) (U1 AMO) to inhibit splicing (21, 22) . In cells carrying non-risk SNPs, inhibition of splicing is predicted to result in a decrease of CDKAL1. However, in cells carrying risk SNPs, inhibition of splicing should not affect the CDKAL1-v1 level, because the generation of CDKAL1-v1 by splicing has already been impaired. As expected, in HEK293 cells that carry non-risk SNPs, the U1 AMO significantly decreased CDKAL1-v1 (Fig. 5A) . In contrast, in HeLa cells that are homozygous for risk SNPs, the U1 AMO had no effect on CDKAL1-v1 level (Fig. 5B) . Moreover, the U1 AMO significantly decreased CDKAL1 levels in both HEK293 cells and HeLa cells. The same results were also confirmed in primary human fibroblast cell lines (Supplementary Material, Fig. S5 ). These results suggest that the risk SNPs are specifically associated with impaired alternative splicing to generate CDKAL1-v1.
To further investigate the direct involvement of SNPs in the regulation of CDKAL1-v1, we utilized transcription activatorlike effector nucleases (TALEN) to directly edit the SNP site in CDKAL1. Specific TALEN constructs targeting the SNP (rs10946398) site were transfected in combination with template DNA into HeLa cells (Fig. 5C) . Although there were no HeLa cells with single-nucleotide substitutions, we established five cell lines containing 3 -19 nucleotide deletions around the SNP site (Fig. 5D) . Subsequent analysis of CDKAL1-v1 and CDKAL1 levels in these cell lines revealed that deletion of nucleotides in the 3 ′ direction from the SNP site (Cell line #11 and #38) enhanced the expression of both CDKAL1-v1 and 
CDKAL1, while deletion of nucleotides in the 5
′ direction from the SNP site (Cell line #74) slightly decreased the expression (Fig. 5E and F) . Furthermore, the expression levels of CDKAL1 and CDKAL1-v1 were not altered in cell line containing three nucleotide deletions but without alteration of SNP site (Cell line #23). Taken together, these results suggest that SNPs in CDKAL1 are critical for alternative splicing to generate CDKAL1-v1.
DISCUSSION
In the present study, we discovered a novel molecular mechanism underlying the development of T2D in individuals carrying risk SNPs in CDKAL1. A human-specific splicing variant of CDKAL1, CDKAL1-v1, was significantly correlated with T2D-associated risk alleles of CDKAL1. Furthermore, the CDKAL1-v1 level was directly correlated with CDKAL1-mediated ms 2 -modification and insulin secretion. Functional analysis revealed that CDKAL1-v1 is a non-coding transcript and that it indirectly regulates the CDKAL1 level by acting as a decoy for a CDKAL1-targeting miRNA. In addition, we also demonstrated that the nucleotides surrounding risk SNPs were critical for alternative splicing to generate CDKAL1-v1. Our results suggest that in individuals carrying the risk SNPs in CDKAL1, impaired alternative splicing causes a dramatic decrease in the CDKAL1-v1 level, which then results in a shift of miRNA targeting from CDKAL1-v1 toward CDKAL1. Subsequently, miRNA-mediated suppression of cellular CDKAL1 levels causes a decrease in ms 2 -modification in tRNA Lys (UUU), which ultimately contributes to the dysfunction of pancreatic b-cells as revealed in Cdkal1 knockout mice (7) .
Twelve SNPs in CDKAL1, including the three SNPs examined in the present study, have been associated with T2D [rs4712523 (23); rs4712524 (13); rs10440833 (24); rs6931514 (25); rs9465871 (26); rs9295474 (27) ; rs9356744, rs7773318, rs9465994 (28) ]. To date, there is no general consensus about the causal SNP in these 12 SNPs. In addition, clear evidence to show the correlation between these SNPs and CDKAL1 level has been insufficient. Interestingly, all SNPs except two SNPs (rs7773318 and rs9465994) locate in the intron 5, suggesting genetic variations in this particular intron might have profound effect on CDKAL1 level. Previous studies have shown that the nucleotides that surround the SNPs occasionally act as cis-or trans-regulatory elements and regulate the expression of genes in the vicinity and at a distance (29, 30) . A conserved element near risk SNPs in Cdkal1 was shown to affect the expression of the nearby gene Sox4 in mice and zebrafish (31) . Because Sox4 has been implicated in the development of the pancreas, there is a possibility that the risk SNPs in CDKAL1 may contribute to T2D through regulation of the expression of SOX4. However, the SOX4 expression level in carriers of risk alleles of CDKAL1 was not significantly different from that in carriers of non-risk alleles (Supplementary Material, Fig. S6 ). Given the extent of the reduction of the CDKAL1-v1 level in the carriers of risk alleles and the significant association of the CDKAL1-v1 level with insulin secretion, it is most likely that the risk SNPs in intron 5 are the critical elements for controlling expression of CDKAL1-v1 and ultimately contribute to the development of T2D.
The T2D-associated SNPs in CDKAL1 are not located at critical sites for splicing such as 3 ′ -and 5 ′ -splicing sites, polypyrimidine tract or branch sites. Nevertheless, several pieces of evidence have shown that such intronic SNPs might be capable of affecting splicing patterns (32) (33) (34) . The SNPs in TCF7L2 have been extensively associated with T2D (35) (36) (37) . These T2D-associated SNPs have also been found to be associated with differential splicing patterns (32, 33) , which might affect the function of TCF7L2 and lead to the development of T2D. Similar to these results, we demonstrated that the inhibition of splicing by the U1 AMO specifically inhibits the production of CDKAL1-v1 in cells carrying non-risk alleles but not in cells carrying homozygous risk alleles. These results not only support our hypothesis that the SNPs in CDKAL1 are actively involved in splicing, but also provide the molecular basis that these SNPs may affect splicing through interactions with U1 small nuclear RNP (snRNP). Recent studies have found that U1 snRNP is critical for the determination of mRNA length and the regulation of isoform expression in addition to its classic role as a member of a spliceosome, through direct interaction with nucleotides in the intron (38) . Interestingly, such interaction does not necessarily require direct base pairing (39, 40) . We thus propose that the risk SNPs in CDKAL1 may impair the interaction between the U1 snRNP and the nucleotides near SNPs, which causes aberrant processing of the nascent transcription of CDKAL1 and results in a decrease in CDKAL1-v1. Moreover, given the similar effects of SNPs in CDKAL1 and TCF7L2, our results thus suggest the broad relevance of regulation of splicing pattern in the pathogenesis of T2D-associated SNPs.
In the present study, we utilized the TALEN method for direct editing of the genome and showed that SNP sites play an active role in the regulation of gene expression. We successfully obtained cell lines with deletion around the SNP site and demonstrated that the CDKAL1-v1 level was altered in these cell lines. Interestingly, regulation of CDKAL1-v1 seems to depend on the degree and direction of the deletion around the SNP site. It is currently unclear whether the nucleotide in the SNP site or the surrounding nucleotides including SNP site are responsible for the subsequent effects on gene expression. Furthermore, the incomplete recovery of the CDKAL-v1 expression level after alteration of the risk SNP site (rs10946398) suggest that other risk SNP sites might also contribute the suppression of CDKAL1-v1. Future studies utilizing a more efficient genome-editing tool such as CRISPR (41,42) may achieve single-nucleotide substitution in all risk SNP sites and answer these questions. Nevertheless, a previous study has found that the intronic SNPs might cause different structural folds in the nascent transcripts (43) . Therefore, it is likely that the risk SNPs in CDKAL1 may affect the secondary structure of pre-mRNA by changing the chemical interaction with surrounding nucleotides so that splicing is not be properly achieved.
A unique finding in the present study is that CDKAL1-v1 is a non-coding transcript and acts as a decoy for CDKAL1-targeting miRNA to modulate the cellular Cdkal1 level. A similar regulatory mechanism has been revealed in the regulation of cancer-related genes, such as PTEN and KRAS, by the cognate pseudogenes PTENP1 and KRAS1P (15) . The so-called competing endogenous RNA (ceRNA) mechanism expands the classic role of noncoding RNA as a suppressor for its anti-sense target gene, and provides a novel function for non-coding RNA as an active regulator of its cognate gene through its abilities to compete for miRNA binding at the 3 ′ UTR (17) . The observation of the miRNA-mediated correlation of CDKAL1-v1 with CDKAL1 in human tissues and various cell lines nicely fits CDKAL1-v1 into the ceRNA theory. In addition to CDKAL1-v1, previous studies have also found that some splicing variants of TCF7L2 are correlated with full-length TCF7L2 in the same direction (33) . These results suggest that the ceRNA theory may apply to a variety of disease including cancer and T2D. Nevertheless, further study using primary human pancreatic islets is needed to elucidate the direct contribution of CDKAL1-v1 to T2D.
In the present study, we identified miR-494 as a candidate miRNA that targets both CDKAL1 and CDKAL1-v1. Previous studies showed that miR-494 was expressed in various human tissues with the highest expression in pancreatic b-cells (19, 20) . Interestingly, overexpression of miR-494 impaired mitochondrial function by down-regulating the expression of some genes involved in mitochondrial transcription as well as the respiratory chain (44, 45) . Since mitochondrial function is crucial for insulin secretion from pancreatic b-cells, it is conceivable that the decrease of CDKAL1-v1 in risk SNP carriers would enhance miR-494-mediated suppression of mitochondrial functions as well as CDKAL1-dependent tRNA modification, ultimately leading to the dysfunction of b-cells.
A limitation of the functional study of T2D-associated intronic SNPs is that most of the intronic SNPs are not conserved in mouse and other animal models. The risk SNPs in CDKAL1 are not conserved in the mouse genome, nor is murine CDKAL1-v1 found in the current databases. However, we found some truncated transcripts in murine mRNA NCBI database (AK169761 and AK158546) that contain an upstream ORF and share common miRNA targeting sequences with Cdkal1 in 3 ′ UTR. Thus, it is conceivable that the ceRNA-mediated regulatory mechanism might be evolutionarily conserved, while the intermediate miRNA might be different between species.
In conclusion, T2D-associated SNPs in CDKAL1 was associated with marked decrease of the CDKAL1-v1 expression level, possibly by influencing proper splicing. The reduction in the level of CDKAL1-v1 causes a decrease in the CDKAL1 level by enhancing miRNA-mediated suppression of CDKAL1, which ultimately contributes to the development of T2D. Our results present a clear correlation between T2D-associated SNPs and CDKAL1 gene expression for the first time, and reveal a novel molecular mechanism underlying the development of T2D. Moreover, our results suggest that restoration of the homeostasis between miRNA and its cognate transcripts may be a new approach for treatment of T2D.
MATERIALS AND METHODS
Participant recruitment
Blood samples were obtained from non-diabetic volunteers at Kumamoto University. Informed consent was obtained before collecting blood. The Ethics Committee of Kumamoto University approved the experiments regarding the analysis of human genetic materials and the collection of human blood (approval ID: Genome 159).
Oral glucose tolerance test
Individuals were fasted beginning at 21:00 the night before the test day. These individuals were then given a 75 g glucose load (Ajinomoto) anytime between 9:00 and 11:00. Peripheral blood samples were obtained when the individuals were fasting and 30 min after the glucose load. Plasma glucose and serum insulin concentrations were measured by enzyme-linked immunosorbent assay (SRL Inc.). Corrected insulin response (CIR30) was calculated as I30/[G30 × (G30-70)] as described previously (1) .
Genotyping of SNPs
Genomic DNA was purified from 200 ml of peripheral human blood using the QIAamp DNA Blood Mini Kit (Qiagen) and adjusted to 10 ng/ml with distilled water. The SNPs (rs10946398, rs7756992 and rs7754840) in CDKAL1 and the SNP in KCNQ1 (rs2237892) were examined using the TaqMan SNP Genotyping Assay kit (Life Technologies).
Isolation of RNA and gene expression assay
Total RNA fractions of cultured cell lines were isolated using TRIzol reagent (Life Technologies) according to the manufacturer's protocol. For isolation of total RNA from peripheral blood, 1.5 ml fresh peripheral blood was immediately mixed with the erythrocyte lysis buffer provided in the QIAamp RNA Blood Mini Kit (Qiagen). Total RNA fractions of leukocytes were isolated according to the manufacturer's protocol. Total RNA of normal human tissues was derived from commercial available Human Total RNA Master Panel II (TAKARA). A PrimerScript RT reagent kit (TAKARA) was used to generate cDNA. Quantitative real-time PCRs were performed using either a Taqman Gene Expression Kit (Applied Biosystems) or SYBR Premix Ex Taq (TAKARA). The results were normalized to the level of GAPDH or 18S rRNA. Information regarding the probes and primers used in this study is described in Supplementary Material, Table S1 .
Measurement of ms
-modification
Measurement of ms 2 -modification in total RNA isolated from peripheral blood specimens or cultured cell lines was performed using the qPCR-MtR method as described previously (8) . Total RNA was adjusted to 50 ng/ml in RNase-free water. Two microliters (100 ng) of RNA were digested by five units of DNase I (Roche Applied Science) in a 20 ml reaction at 378C for 20 min. DNase I was inactivated by heat-inactivation at 758C for 10 min. After the DNase treatment, 2.5 ml of digested RNA was subjected to reverse transcription (Transcriptor, Roche Applied Science) using reverse primer r1 (CCTGGACCCTCA-GATTAAAA) or reverse primer r2 (GAACAGGGACTT-GAACCCTG). Two microliters of synthesized complementary DNA (cDNA), forward primer (GTCGGTAGAGCATCA-GACTT) and reverse primer r1 were subjected to quantitative PCR using the SYBR Premix Ex Taq Kit (Takara) and the ABI PRISM 7300 Real-time PCR System (Life Technologies) according to the manufacturer's protocol.
Relative modification was calculated as described previously (8) . Briefly, the threshold cycle number (referred to as CTr1 or CTr2) was obtained from quantitative PCR using a cDNA template that was generated by primer r1 or primer r2. The difference between CTr1 and CTr2 (hereafter dCTr2r1) was calculated by subtracting CTr1 from CTr2. The dCTr2r1 number for individual samples was used to compare the relative modification rate between samples.
MicroRNA selection
To search the common miRNA that can target both 3 ′ UTR of CDKAL1 and 3 ′ UTR of CDKAL1-v1, an online search program (www.microrna.org) was utilized with the most stringent criteria (conserved and with good mirSVR scores). The candidate miRNAs were further validated using another online search program (www.targetscan.org). The common candidate miRNA (miR-494) was selected for experiments.
Cell culture
HeLa cells and HEK293 cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies) containing 10% fetal bovine serum. QGP-1 cells were obtained from the Japanese Collection of Research Bioresources Cell Bank and cultured according to a previous report (46) . Human embryonic primary fibroblast cell lines were provided by the RIKEN BRC through the National Bio-Resource Project of the MEXT, Japan. The fibroblast cells were cultured in minimal essential medium containing 10% fetal bovine serum, 1 mM sodium pyruvate, 0.2 mM serine and 0.2 mM aspartate. Plasmids and siRNAs were transfected using Lipofectamine 2000 (Life Technologies) according to the manufacturer's protocol.
For western blotting, cells were lysed in lysis buffer containing 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.2, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, protease inhibitor cocktail (Roche). The protein concentration was adjusted to 1 mg/ml by bicinchoninic acid reagent (Piece). CDKAL1 was detected by homemade antibody targeting the N-terminus of human CDKAL1.
For in situ hybridization, DNA regions of putative ORF (208-542 of Ak310219), regions flanking ORF and the 3 ′ UTR (428-943) and the regions of 3 ′ UTR of CDKAL1-v1 (555-952) were cloned into pCRII-TOPO. A sense probe and an antisense probe were transcribed using either the T7 promoter or the Sp6 promoter using PCR DIG Labeling Mix (Roche). Hybridization was performed according to the manufacturer's protocol (Roche). Digoxigenin (DIG) was detected by anti-digoxigenin antibody (Roche) followed by Alexa488 anti-mouse secondary antibody. Images were acquired using Fluoview 300 (Olympus).
Plasmids and siRNA
All siRNAs were purchased from Life Technologies. For knockdown of CDKAL1, an siRNA targeting exon 16 in CDKAL1 was selected. For knockdown of CDKAL1-v1, siRNAs targeting the 3 ′ UTR of CDKAL1-v1 were selected. For knockdown of both CDKAL1 and CDKAL1-v1, an siRNA targeting exon 4 was selected. A morpholino antisense oligo targeting U1 snRNA (U1 AMO) was designed as described previously (19) and purchased from Gene Tool, LLC. Human miR-494 (miRIDIAN Mimic) was purchased from Thermo Scientific. Inhibitor for miR-494 (mirVana miRNA inhibitor) was purchased from Life Technologies. The information regarding siRNAs or U1 AMO is provided in Supplementary Material, Table S1 .
Luciferase assay
For the Luciferase-based assay, the 5 ′ UTR or ORF regions of CDKAL1-v1 and CDKAL1 were cloned into multi-cloning sites in pGL4.14 (Promega). For the 3 ′ UTR assay, 3 ′ UTR of CDKAL1-v1 or CDKAL1 was cloned into the 3 ′ downstream of Luciferase in pGL4.14. Luciferase reporter vectors (100 ng) and the Renilla luciferase reporter vector (10 ng) were co-transfected into HEK293 cells for 16 h. Relative Luciferase activity to Renilla Luciferase activity was examined using the dual Luciferase reporter assay system (Promega). For examining the mRNA level of Luciferase-conjugated CDKAL1 or CDKAL1-v1 transcripts, report vectors were transfected into HEK cells, and total RNAs were purified by TRIzol (Invitrogen). To eliminate contamination with the plasmid vector, 2 mg total RNA was digested with DNase I (Roche) for 30 min and then subjected to quantitative PCR. The relative mRNA levels of reporters were examined by normalizing the level of Luciferase to that of Renilla Luciferase.
Genome editing by TALEN
Specific TALEN constructs for editing nucleotides in SNP sites (rs10946398) were designed and purchased from Cellectis Bioresearch. A DNA template containing 1.5 kb genomic regions from the 5 ′ direction and the 3 ′ direction of the SNP site (3 kb in total) was amplified from human DNA carrying risk alleles (C/C) or non-risk alleles (A/A), and cloned into pCRII-TOPO vector (Life Technologies). HeLa cells were seeded in 35 mm dishes at a density of 3 × 10 5 cells/ml. The next day, 2 mg of each TALEN construct and 4 mg of DNA template were co-transfected in HeLa cells using Lipofectamine 2000. Four days after transfection, HeLa cells were trypsinized and diluted to 10 cells/ml. One hundred microliters of cell suspension was transferred to each well of the 96-well plate. Colony grown from a single cell was isolated and expanded. To confirm genomic editing, the genomic region containing the SNP site was amplified by PCR followed by DNA sequencing. The expression levels of CDKAL1 and CDKAL1-v1 were examined as described above.
Statistics
Statistical analyses were performed using Prism 6 Software (GraphPad Software). Student's t-test was used to test the difference between two groups. Analysis of variance (one-way ANOVA) was used to test the difference among multiple groups followed by a post hoc examination of the P-value between two groups. A two-tailed P-value of 0.05 was considered statistically significant.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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